Abstract -' h i s study is related to the fundamental aspects of the arc-cathode interactions in atmospheric and higher-pressure arc systems. The primary objective of this paper is to demonstrate that, evm though the arc attachment on bdh refr;zctory and wn-refractory cathcdes appear substantially mereat, they follow the same physics and therefore the same model can be applied to describe both situations. Indeed, it is shown that the two situations are actually representing the two extremes of a unique descriptian; the self-suStaintng opemtion of an arc discharge on a reffadory (hot) cathode is achieved without the need of vaporization of the cathode surface while for non-refhctory (cold) cathodes, a strong vaporization resulbng in a pressure build up in the cathode region is necessary for self-whined arc operation.
INTRODUCTION
The arc-cathode interactions have been the subject of a considerable interest since several years due mainly to the erosion problems that often impact on the industrial applications of thermal arc plasma technology. It has long been thought that the erosion is due to the impossibility for the cathode to dissipate the strong incoming heat flux from the arc column by conduction or radiation. Several designs have been reported for cold-cathode systems to enbance the heat dissipation by either increasing the water cooling efficiency of the cathode or by forcing the arc root to move by magnetic or gas dynamic means in order to reduce the local heat loads. However, cathode erosion is still observed. On the other haad, a few researchers brought the idea that the cathode erosion might actually be necessary for the self-sustaining operation of the arc discharge [ 1,2]. In such a view of the a r c 4 o d e interactions, one would understand that the erosion is related to the cathode ability to meet the necessary conditions for a self-sustaining operation. Practical experiences show that cathodes made of refractory materials such as tungsten meet these conditions without strong erosion while this is not the case with non-refractory materials such as copper. It is the aim of this study to show how the different cathode materials achieve these necessary conditions as a function of their refractory character.
BACKGROUND ON ARC-CATHODE INTERACTIONS

I. Basic Knowledge
Cathodes of high pressure arc systems are generally classified as thermionic or non-thermionic emitten depending on their abllay to sustain a strong thermionic emission of electrons without strong melting or vaporization. The parameter best-sukd to describe this 'ability' is the ratio of the flux of vaporized atoms --where T, is the cathode surface temperature d e p , m and 4 are respechvely, the vapor pressure at temperature T,, the atomic mass and the work function of the cathode material. The lower is the ratio er&jm the better-suited is the cathode material for thermionic operation. This ratio is plotted in Fig. 1 as a function of the cathode surface temperature for several cathode materials. Note that this ratio does not provide for an acmrate picture of the conditions prevsSng in the cathode region since the effects due to the electric field on the electron emission conditions (Schottky effect, field emission) are not taken into accouIlt. It however provides for a representative picture of the effect of the cathode material nature. All the curves are plotted until the normal boiling point of the cathode material is reached.
One can define the thermionic cathode materials as those for which erJjm < 1, and the non-thermionic materials as those for which er&jm > 1. Two important remarks can be made from an brief analysis of Fig.1: 1) Obviously the thermionic emitters are made of refractory materials. 2) As the temperature increases, the 'ability' for the non-refractory cathode materials to operate in the thermionic regime increases. However, for all the non-refractory matenals considered, more than one atom is emitted per electron extmted from the cathode surface and this, wen when the cathode surface is boihg. This observatioa shms the nature of the erosion problems encountered with non-refmctory cathodes, but an even more serious problem is hidden here: according to modeling predictions (see electrons are accelerated through the cathode sheath without making collisions. Once the ionization zone is reached by these electrons, inelastic collisions with neutrals produce ions and result in the formation of an electricallyanductmg channel between the two electrodes (arc column formation). Accordmg to this scenario, it is obvious that the self-sustaining operation of the arc discharge is possible only if the conditions prevailing in the cathode region are those favoring a sufficient electron emission. It is on the mechanisms these conditions are achieved that refractory and non-refractory cathodes differ strongly.
The fractionfb, of the beam electrons (index b) that are left for ionization after collisions can be deiined as:
where i stands for ionization and e for excitation, the v's are the frequencies of the collision processes and the a's, the collision cross sections. Obviously, fb is less than unity. The maximum energy taken by the beam electrons before collisions corresponds to the cathode sheath voltage drop, and is therefore less than 10-20 eV for high pressure arcs. For this energy range, only smgle-ionization occurs upon electron impact [3] . This observation and the condition defined by equation (2) allow to define the most restraining criterion for the self-sustaining operation of an arc discharge maintained by an electron beam emitted from the cathode (jT.F):
This criterion states that the flux of ions produced by ionization of the neutrals by the beam electrons cannot be higher that the flux of beam electron that generates it. According to the calculations of Zhou and Heberlein [4], the ratioj,adjT+ ranges from -0.25 to 0.4 for a W cathode interactmg with an atmospheric pressure argon arc [4] . With non-refractory Cu, Fe or Ti cathodes, this ratio is much larger than unity even for surface temperatures up to the boiling point of the cathode material (based on our calculations). The impossibility to obtain the self-sustamq operation of the arc stands in the insufficient electron emission from the surface. In order to solve this problem, a new approach for the description of the arc attachment on such non-refractory cathode materials must be introduced.
Concept of High Local Pressure
As concluded by Guile [l] , it seems that the self-sustaining operation of an high pressure arc on a nonrefractory cathode is possible only if some destruction of the cathode surface occurs. The presence of a high density of metallic vapors in the cathode region would have the effect of maintaining a high ion bombardment (high surface temperatures) and a high surEdce electric field (cathode sheath compression) which in turn, would allow a high current density of beam electrons [5, 61. In this scenario, the returning ions bombarding and heating the surface maintain the strong vaporization and a pressure build up in the cathode region. The ions are essentially the vaporized cathode material atoms having been ionized in the ionization zone and accelerated back towards the cathode by the cathode sheath voltage drop. Similar to the vacuum arc cathode spot [7] , the cathode region of a high pressure arc on a non-refractory material is then composed of a high density metallic plasma formed by vaporization of the cathode. This picture fits well with the smooth transition in erosion rate and metal vapour expansion behavior in the transition between vacuum and atmospheric pressure arcs, this transition occuring essentially between 1 Torr and atmospheric pressure [8,9]. The conditions within the cathode region allowing a self-sustaining operation of the arc will be those satisfjmg the criterion defined with equation (3) and satisfymg the energy balance at the cathode surface.
One of the consequences of such a pressure build up is that the ambient gas filling the chamber is plowed off the &ode region when a new cathode spot is ignited [lo] . The plasma of the cathode region is therefore locally burning in pure metallic vapors at pressures possibly well above the ambient gas pressure. maximum pressure is reached above J.-L. MEUNIER AND S. COULOMBE
=2.0 eV
The physics lying behind the description of the arc attachment on non-refractory cathodes is the same as for refractory cathodes; only the medium in which the plasma of the cathode region is burning in is Wererent.
Therefore, a unique model for all the metallic elements can be defined.
RESULTS AND DISCUSSION
The physical model used to determine the conditions prevailing within the cathode region (described in details in [ 5 ] ) has three independent parameters; respectively the cathode sheath voltage drop V,, the metallic plasma pressure p and the electron temperature T. at the edge of the cathode sheath. The cathode surface temperature T, is related to the local pressure p via a vapor-pressure curve, i.e. T,=T&). The current densities and heat fluxes to the cathode are calculated from these conditions. For the results presented in this study, V, was set equal to 15 V, and T, allowed to vary between 1 and 2 eV for the reasons discussed in [ 51.
density of 5~1 0 '~ Am".
It is now interesting to plot again the ratio of the flux of vaporized atoms ( r , ) to the flux of emitted electrons of Fig. 1 , but now using the actual conditions of therme field emission prevailing in the cathode region of cold-cathode systems. The factor ~R D in equation (1) is thus replaced by ~T . F , the themefield emission current density. The ratio erdjT.F is plotted in Fig. 3 . Surprisingly for the self-sustamng operating conditions given by equation (3) and Figure 2 (p>19 atm) , non-refractory cathodes behave in a similar way as refractory cathodes: they both show ratios of the flux of vaporized atoms to the flux of emitted electrons that is lower than unity. This clearly shows that no special distinction need to be made on the nature of the cathode material when attempting to describe the arc attachment. Tungsten with its boiling point at 5830 K corresponds to the limiting behavior for which the ionization of the ambient gas atoms (Ar for instance) is sufficient to promote the necessary conditions for a self-sustaining arc discharge. Copper represents the other limiting behavior for which a pressure build up in the cathode region and ionization of the vaporized atoms are necessary to achieve the required electron emission conditions. This brief analysis of the two limibng behaviors suggests that a continuous transition should be observed for metallic elements showing intermdate properties such as Fe and Ti. This is shown in Fig. 4 where the ranges of self-sustaining plasma pressures obtained from the model Fig. 4 show that a Continuous transition occurs between a regime of self-sustaining arc attachment necessitating a pressure build up in the carhode region (e.g. Cu) to a regime not necessitating it (e.g. W) as the cathode material becomes more refractory.
CONCLUSIONS
The interactions of a high pressure arc with both refkctory and non-refractory cathodes can be described by a unique model. Cu and W which are commonly used as cathode materials represent two limiting cases.
For Cu, a pressure build-up in the cathode region resulting from the strong vaporization of the cathode surface is necessary for achieving the self-sustaining operation of the arc discharge. Such a pressure buildup is not necessary for W. The metallic vapor pressure needed for a self-sustaming operation decreases as the cathode material becomes more refractory.
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